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High-temperature interface superconductivity
between metallic and insulating copper oxides

A. Gozar', G. Logvenov’, L. Fitting Kourkoutis?, A. T. Bollinger', L. A. Giannuzzi®, D. A. Muller® & |. Bozovic'

The realization of high-transition-temperature (high-T,) super-
conductivity confined to nanometre-sized interfaces has been a
long-standing goal because of potential applications"* and the
opportunity to study quantum phenomena in reduced dimen-
sions>. This has been, however, a challenging target: in conven-
tional metals, the high electron density restricts interface effects
(such as carrier depletion or accumulation) to a region much nar-
rower than the coherence length, which is the scale necessary for
superconductivity to occur. By contrast, in copper oxides the car-
rier density is low whereas T, is high and the coherence length very
short, which provides an opportunity—but at a price: the interface
must be atomically perfect. Here we report superconductivity in
bilayers consisting of an insulator (La,CuO,) and a metal
(La; 55Sr¢.45Cu0y), neither of which is superconducting in isola-
tion. In these bilayers, T is either ~15K or ~30 K, depending on
the layering sequence. This highly robust phenomenon is confined
within 2-3nm of the interface. If such a bilayer is exposed to
ozone, T, exceeds 50K, and this enhanced superconductivity is
also shown to originate from an interface layer about 1-2 unit cells
thick. Enhancement of T, in bilayer systems was observed pre-
viously’ but the essential role of the interface was not recognized
at the time.

Typical approaches to the realization of quasi-two-dimensional
superconducting sheets rely on fabrication of an ‘ultrathin’ layer of
aknown superconductor'?. Another route is to use hetero-interfaces.
Superconductivity in the 0.2—-6 K range was reported at the interface
between two oxide insulators® and in superlattices where one” or
both® components are semiconductors. The La,_,Sr,CuO, (LSCO)
family is particularly attractive because these materials are solid solu-
tions that can be doped over a broad range’.

In our experiment, we have synthesized a large number (over 200)
of single-phase, bilayer and trilayer films with insulating (I), metallic
(M) and superconducting (S) blocks in all combinations and of
varying layer thickness (for notation, see Fig. 1 legend). The films
were grown in a unique atomic-layer-by-layer molecular beam epi-
taxy system'® that incorporates in situ state-of-the-art surface science
tools, such as time-of-flight ion scattering and recoil spectroscopy,
and reflection high-energy electron diffraction. It enables synthesis of
atomically smooth films as well as multilayers with perfect inter-
faces™ ™. Typical surface roughnesses determined from atomic
force microscopy data are 0.2—0.5 nm, less than one unit cell, which
in LSCO is 1.3 nm. Atomic-layer-by-layer molecular beam epitaxy
provides for digital control of layer thickness, which we measure by
counting the number of unit cells. Maintaining atomic-scale smooth-
ness and digital layer-by-layer growth are both crucial for the results
we discuss in the following.

The interface between the metallic and insulating materials is
superconducting with high T, (Fig. 1), and the deposition sequence

matters. M-S bilayers show the highest T, ~50K. In contrast, in
single-phase LSCO films that we have grown under the same condi-
tions, the highest T, is about 40K, similar to what is seen in bulk
single crystals (ref. 9 and Supplementary Fig. 1). Hence, in M-S
bilayers we see a large (up to 25%) relative T. enhancement. T, values
around 50 K were observed previously in some LSCO films'*'"* and
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Figure 1| The dependence of resistance on temperature for single-phase
and bilayer films. Notation used in text and figures is as follows: I is
La,CuO,4, vacuum-annealed and insulating; S is La,CuOy,. 5, oxygen-doped
by annealing in ozone and superconducting; M is La; 55519 45CuQOy,
overdoped and metallic but not superconducting; R, resistance; T,
temperature. For bilayers, the first letter always denotes the layer next to the
LaSrAlO, substrate. a, b, R(T) for single-phase layers of I (a; note the log
scale) and M (b). ¢, R(T) normalized to T = 200 K for various bilayers.
Typical values for T, at the mid-point of the resistive transitions are

T.~ 15K in I-M and T, =~ 30K in M-I structures. In M-S bilayers (four
samples shown), T. = 50 K. In a few hundred single-phase films (doped by
either oxygen or Sr) grown under the same conditions, T, never exceeded
40K, the value marked by the arrow (Supplementary Fig. 1). The interface
superconductivity is reproducible and stable in air on the scale of months in
contrast to single-phase S films.
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LSCO-LCO bilayers?®, but the locus of the highest T has not been
investigated. We show below that in our M-I films, enhanced super-
conductivity originates from and is restricted to an interfacial layer
1-2 unit cells thick. In retrospect, one would suppose that at least the
bilayer result’ was also an interface effect, a proposition that we
confirmed, as discussed below.

To directly determine the length scale associated with interface
superconductivity, we synthesized a series of M-I and I-M structures
with thick bottom layers (=30 unit cells) while the thickness of the
top layer was increased digitally, one-half a unit cell at a time (Fig. 2).
The transport data show that the plateau values for superconduct-
ivity are reached after the thickness of the top layer is =2 unit cells, a
value that sets the length scale for this interface phenomenon.

The T, enhancement in M-S bilayers triggers the intriguing ques-
tion as to whether this enhancement is an interface phenomenon, as
suggested by several preliminary observations (Supplementary

a b
15} 0.5UC M-I bilayers
<
s Ir
o
2
S
S
'S
0.5
00
[
0 5 10 15 20 25
T B L R R I R R R | IIIIIIIIIIIIIIIIA
50: e Y
- o a M-S
afF
— ‘.
~ !
— !
- &° ° °
B[ [ emmmmmemmmmmommrem oo S
S ° -
< L ° M-
~ L /e
201 1/ O
- 5
[le ; -M
10H =
a )
i )
'," ’
-
OLDJ_D.Imllllllllllllllllllll
0 10 15 20

Top layer thickness (unit cells)

Figure 2 | The dependence on the layer thickness. a, Normalized resistance
for several I-M bilayers where the thickness of the bottom I layer is fixed at
40 unit cells, that is, 52 nm, and the thickness of the M layer is varied as
indicated (UC, unit cell). For an M layer 0.5 unit cells thick the sample is
insulating, whereas the 1.5 unit cell structure shows a metallic-to-insulating
crossover near T = 75 K. Further increase of the thickness raises T to a
plateau of 15 K. b, The same for M-I bilayers with a 40-unit-cell-thick
bottom M layer. Traces of superconductivity can be observed even when the
bottom M layer is covered by an I layer only 0.5 unit cell thick (0.66 nm).
When one unit cell of I covers the surface, the resistive transition is complete
and T. > 10 K. On its own, this is a signature of virtually atomically perfect
surfaces, given that the resistance measurements were taken with the voltage
probes 3 mm apart. ¢, T, (defined as the midpoint of the resistive transition)
as a function of the top layer thickness in M-I, I-M and M-S bilayers. The
last are structures obtained by annealing M-I bilayers in an ozone
atmosphere, the procedure that turns I films into S but has essentially no
effect on M. Dashed lines are guides for the eye.

LETTERS

Information). That this is the case is confirmed by the data on critical
current density (j.) determined from two-coil mutual inductance
measurements'** (Fig. 3). The results indicate that the T, = 50K
in M-S structures is in fact confined to a very thin (1-2 unit cells
thick) layer near the interface. The observed linear temperature
dependence of j. in S films is expected theoretically in copper oxides
for the intrinsic critical current due to vortex—antivortex pair break-
ing or depinning in homogeneous samples”, and it is observed
experimentally in high-quality films and bulk single crystals of
high-temperature superconductors®. In contrast, in M-S samples,
one can see a clear break near 40 K that separates two approximately
linear regions with very different slopes.

This is what one expects from two superconducting sheets with
different thicknesses and transition temperatures, say d;, T,; and d,,
T, respectively. The breakdown into two such components (the
dashed lines in Fig. 3) provides T, =40K and T, =50K. The
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Figure 3 | Nonlinear screening effects in a single-phase S film and an M-S
bilayer. a, The dependence of the pick-up voltage on the current in the drive
coil at several temperatures. At each temperature, a ‘critical’ value of the
current in the drive coil, Iy, corresponds to the onset of dissipation in the
film, and can be defined as the crossover point between a linear (n = 1) and a
higher-power law (n = 3 at temperatures below 40 K) behaviour. In both
samples, the S layer is 20 unit cells thick. b, The temperature dependence of
I4 for an S film (filled diamonds) and an M-S bilayer (open squares). The
right scale shows the calculated peak value of the induced screening current
density in superconducting films (see also Supplementary Fig. 5). Arrows
denote values of T.: 33.2 K and 51.6 K for the S and M-S samples,
respectively. The bilayer data can be well decomposed into two
approximately linear contributions (dashed lines), corresponding to bulk
and interface parts with T, = 40 K and T, = 50 K (lower left inset). Top right
inset shows the same data in reduced temperature units, T/T.. The
magnitude of the estimated low-temperature critical current of the thin layer
is in agreement with the value estimated from mutual inductance and
transport measurements in M-I bilayers in which the high-temperature
superconductor (T, = 30 K) sheet has a similar thickness.
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low-temperature extrapolation of the critical current gives d,/
d, = 20. As the total number of layers deposited was d, + d, = 20
unit cells, one obtains d, = 1 unit cell. This length scale is quantita-
tively consistent with the independent measurements of resistivity in
M-S bilayers as a function of top layer thicknesses (Fig. 2¢). We
performed similar mutual inductance measurements on the same
bilayer sample (which had not deteriorated after seven years) that
was studied in ref. 5, in which the bottom layer was optimally doped
LSCO, and the results were quite similar to the M-S case; this demon-
strates that the previously reported T, enhancement was also an
interface effect.

We now consider the issue of interface structure and the possible
impact of cation interdiffusion (Fig. 4). The microstructure of an M-I
bilayer and its interfaces was analysed using electron energy-loss spec-
troscopy in a scanning transmission electron microscope. An upper
limit on the amount of chemical interdiffusion at the interfaces is
obtained by recording the lanthanum-M, 5 edges in the spectra. The
root-mean-square interface roughness, as determined by fitting error
functions to the La profile, is ¢ = 0.8 £ 0.4nm at the substrate-M
interface and ¢ = 1.2 = 0.4nm (~1 unit cell) at the M-I interface,
which sets an upper limit to any cation intermixing (see also
Supplementary Fig. 8).

As an independent test of chemical variations across the interfaces,
the changes in the oxygen-K fine structure were analysed using a
principal-components analysis. The fraction of the component
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Figure 4 | Analysis of an M-I bilayer by scanning transmission electron
microscopy and electron energy-loss spectroscopy. a, Annular dark field
image of the structure (main panel). Inset, a magnified image of the M-I
interface (arrowed). b, Oxygen-K (O-K) electron energy-loss spectra of the
three oxides in the structure, showing clear changes in the fine structure of
the O-K edge. For LSCO, an O-K edge pre-peak (circled) evolves for x >0
and scales with the doping level***. a.u., arbitrary units. ¢, The integrated La
intensity across the bilayer. As expected, the La profile shows an increase in
the La concentration from the substrate to the M layer, and again from the M
to the I layer. d, Results of a principal-components analysis of the two
interfaces. The fraction of one of two components, corresponding to the O-K
edge in La; 55519 45CuQy, is shown.
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corresponding to the M layer is shown in Fig. 4d, which again indi-
cates an interface roughness of less than one unit cell. Either interface
was fully described by two components, leaving no significant resid-
ual after the fit, suggesting that there is no substantial third, inter-
facial layer, at least on the scale of the interface roughness. Results
obtained by several other surface-sensitive probes, such as reflection
high-energy electron diffraction, and time-of-flight ion scattering
and recoil spectroscopy, as well as transport on I-M-I heterostruc-
tures (Supplementary Figs 2, 3 and 4), support and are consistent
with the chemically abrupt interfaces inferred from the scanning
transmission electron microscope data. The experiments set an upper
limit on possible cation interdiffusion of less than 1 unit cell depth,
and make the cation mixing scenario hard to reconcile quantitatively
and qualitatively with our observations.

Other possible causes for the high-temperature superconductivity
at the interface are electronic reconstruction or oxygen non-stoichi-
ometry. Experimental data show that charge depletion or accumula-
tion is substantial across M-I and I-M interfaces®', whereas such
charge transfer is negligible when M is replaced by optimally doped
LSCO (ref. 15). These findings are consistent with the doping
dependence of the chemical potential in LSCO inferred from X-ray
photoemission data®. Oxygen vacancies and interstitials are never-
theless additional factors that should be considered: they may
account for the asymmetry between M-I and I-M structures, and
are essential for the increased T and stability of superconductivity in
M-S bilayers (Supplementary Information, section E).

A remaining puzzle is the mechanism of relative T, enhancement
in M-S bilayers. It is conceivable that structural aspects, such as
disorder, play a crucial role. We may have realized the doping with-
out disorder scenario® by introducing carriers via charge transfer
and by (ordered) interstitial oxygen pinned near the interface.
Another possibility is that the ‘intrinsic’ T, in LSCO would be even
higher were it not for some competing instability, and that this other
order parameter is suppressed in bilayers via the long-range strain or
electrostatic effects (or both). Finally, an interesting possibility is that
pairing and/or coherence of electrons in one layer is enabled or
enhanced by interactions originating in the neighbouring layer***.
Deciphering this problem may open the path to even larger T
enhancement.
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